ZnO nanowires are synthesised on a patterned substrate in order to see the response to different gases. Under ambient conditions the sensor shows very little response to any gas. A UV-light source is used to increase the sensitivity of the sensor by increasing the conductivity of the ZnO nanowires. The UV-light decreases the number of oxygen ions present on the surface of the ZnO nanowires which leads to better sensitivity. The sensor, with the aid of the laser, can distinguish between the different gases that were used, argon, oxygen, carbon dioxide and nitrogen. When a mixture of two gases was used the response fell in between the response of the individual gases. The obtained results are repeatable and consistent over different sensors.
Introducation
One dimensional nanostructures, like nanowires or nanotubes, are increasingly being used for different sensing applications. This is due to the high surface to volume ratio which aims to increase the sensitivity of these devices [1] [2] [3] [4] . The main problem is that most of these sensors are used at temperatures above 100C to increase sensitivity, which limits its application [5] .
Recente advances has been made in the use of UVlight at room temperature to increase the sensitivity of metal-oxide sensors [6] . Different materials are used, with ZnO one of the most studied materials. ZnO is widely used due to its wide band gap of 3.4 eV and ZnO nanowires can be grown at low temperatures, making it suitable for growth on various substrates [5] . ZnO also has high conduction electron mobility and good chemical and thermal stability [7] .
In this work a gas sensor is manufactured by growing ZnO nanowires on a patterned substrate. The sensor is placed inside a testing chamber to inverstigate the response when different gases are introduced to the chamber. A commercial laser pointer is used to increase the sensitivity of the sensor to better differentiate between different gasses.
Experimental Section
The ZnO nanowires are grown on a substrate -with copper tracks -as illustrated in Figure 1 . The substrate is cleaned and RF-sputtering is then used to deposit a 40 nm to 50 nm layer of ZnO onto the entire substrate. An aqueous solution of 30 mM zinc nitrate hexahydrate (Zn(NO3)2 6H2O) and 30 mM hexamethylenetetramine (HMTA) is prepared. The substrate is
Figure1: Graphical representation of the patterned substrate used for nanowire growth with copper used for the pattern.
placed, coated side downward, on top of the solution. The solution is then placed in an oven at 85C for ZnO nanowire growth [8] [9] . After 8 hours the substrate is removed, rinsed with DI-water and dried with nitrogen gas. Nanowire growth is removed in two areas to solder conducting wires to the substrate. The nanowire growth is characterised by a Phenom Fei Desktop SEM [10] .
The substrate is placed inside a small testing chamber to see the effect different gasses have on the resistance of the nanowires. Figure 2 shows the setup: a solid aluminium chamber, single gas inlet and outlet and a laser-pointer attached at the top. The substrate is connected to a LabJack U6 [11] analog to digital converter to display the data on a computer screen. The laser is driven by connecting it to a Protek DDS function
Figure2: Chamber used for testing the sensor. Gas inlet and outlet pipes are on the side with the laser fixed on the top. Figure 3 shows the typical nanowire growth. Figure  3 (a) is a top view of the nanowires showing the growing direction, density and the average diameter, measured to be 80 nm to 100 nm. Figure 3(b) is a cross-sectional view of the nanowires, also showing the growth is perpendicular to the substrate with an average length 1μm to1.5μm.
Results and Discussion
The sensor has minimal to no response when gas is introduced to the system. This is because the resistance is already so large that a small change is not noticeable. It is thus necessary to reduce the resistance in order to see when a small change occurs. The resistance is reduced when the sensor is exposed to light. The resistance of ZnO nanowires decrease by four to six orders of magnitude when exposed to UV-light in the 380 nm wavelength range [13] . The ZnO nanowires have a strong UV emission peak -attributed to nearbandedge emission -at 385 nm [14] [15] [16] . Therefore, a commercial available laser pointer, at a wavelength of 400 nm, was chosen as UV-source. Figure 4 shows a measurement of the wavelength of the laser pointer.
The photons of the laser have energy at 3.1 eV, just belowthe band gap of ZnO (3.37 eV), causing exciton transition which leads to an increase in conductivity because electronhole pairs are created inside the nanowire, decreasing the depletion layer [14] [17] [18] . The depletion layer mostly consists of oxygen ions
) on the surface of the nanowire that captures the photo-excited holes and leads to an increase in carrier density and a decrease in resistance [19] . At higher resistance more oxygen ions are present and thus a bigger decrease in the resistance under UV-light will be measured. This is shown in Figure 5 : the laser is connected to the function generator with the settings as follow: a square wave with amplitude 9.8 V, frequency of 100 mHz, duty cycle of 50% and an offset of 100%.
The response of the nanowires is measured when the laser is turned on at different resistance values. At the higher resistance value a bigger drop is observed because there are more oxygen ions to interact with the photons, compared to the lower levels. At these lower levels most of the oxygen ions are already combined with holes and hence equilibrium is reached, or close to it. There is a clear linear relationship between the starting resistance and the response to the UVlight: at higher resistance the response is quick and gradually reduces as the resistance reduces.
Different gasses are added to the system, while still pulsing the laser, and the data is plotted. Figure 6 shows the resulting plot for five cases: no gas, argon, oxygen, nitrogen and carbon dioxide. From Figure 6 it is clear that all four gasses have different responses and it differs from the no-gas case.
Each gas has a different rate of decrease in resistance over the first 200 seconds before flattening out and reaching a stable resistance. It is thus possible to differentiate between different gasses by looking at the reduction of the resistance during the first stage or looking at the resistance value once steady state has been reached.
The difference in response is attributed to surface reactions. When then laser is turned on, the depletion layer is reduced as described above. The passing gas interacts with the oxygen ions on the nanowire surface which decreases the oxygen species on the surface of the nanowire and increases the electron concentration [20] . Each gas has a different effect on the concentration of oxygen ions on the surface of the nanowire which leads to a difference in the conductivity. Oxidizing gases decreases conductance of n-type semiconductors and can be seen as oxygen and carbon dioxide has the highest steady state resistance apart from the no-gas case. The behaviour is ambient conditions are still higher due to the high level of intrinsic oxygen ions present on the nanowire plus the added ions due to the oxygen in air. The gases inject electrons into the conduction band of the nanowire which further increases the conductivity [21] . Hence, the resistance is lower for all the cases where gas is introduced into the chamber, compared to the no-gas case.
Oxidizing gases leads to an increase in the resistance because it adds more oxygen ions to the nanowires. The response to argon and nitrogen is believed to be due to the lack of oxygen in the chamber which leads to a decrease in the number of oxygen ions due to the laser and no reaction with the gas takes place. This means more electrons are injected into the nanowire and the conductivity increases. The observed difference between argon and nitrogen is unknown. Argon is a noble gas and no interaction between argon and the nanowires is present. As mentioned, the response is due to the lack of oxygen in the chamber rather than interaction with the argon. Nitrogen forms a very weak bond with the ZnO nanowires, compared to oxygen which forms a more stable bond, which leads to a slight increase in resistance compared to the argon case by a far lower resistance compared to the oxygen case [22] . Next the sensor was tested for repeatability. The same tests were performed a couple of days from each other. The obtained results were within the error margin (less than 5%), showing good, repeatable data from the sensor. Figure 7 shows the response of a second sensor that was manufactured using the same method. The response is again very similar to the first sensor meaning the measurements are repeatable and similar over different senors.
The last test was to see the effect when a mixture of the gases was introduced to the system. Figure 8 shows the response when a 1 : 1 mixture of carbon dioxide and argon is introduced to the system. During the first 100 seconds the response is the same as the response to argon, due to the lack of oxygen in the chamber. After the 100 seconds the response falls in the middle of argon and carbon dioxide as the nanowires react the the oxygen, before the response starts to follow the carbon dioxide line. During the first part the argon dominates and there are little interactions between the carbon dioxide and the nanowire. As the time progresses the carbon dioxide starts to react with the nanowires which leads to an increase in the resistance. This test was also repeated days apart as well as with different sensors and the response remained the same. The test was also performed with a mixture of argon and oxygen and again the resulting graph fell between the two separate cases. This means the sensor can be used for gas sensing where more than one gas is being used.
The sensor has two big draw bakcs. The fisrt problem with the sensor is the recovery time. Figure 9 shows the recovery of one sensor. The resistance of the sensor was reduced by the laser and then left in ambient conditions to recover back to its maximum value. The recovery time is more than 4000 seconds, which is much longer than the sensing time for the different gases (in the order of 200 seconds). In order to use the sensor for gas sensing the recovery time has to be decreased drastically. The second problem is the area where the laser is shined. If the laser is moved to a new position, the response is very different. It is thus necessary to keep the laser and sensor aligned at all times to ensure the response will be the same.
Conclusion
ZnO nanowires were grown on a patterned substrate to use as a gas sensor. A UV-light source, at 400 nm, was used to enhance the sensitivity of the sensor. The UV-light decreases the amount of oxygen ions on the surface of the nanowire which in turn increases the conductivity. Different gases were introduced to the system and the response was measured. The sensor showed different responses to the different gases. Each gas has a different response due to a difference in the interaction with the ZnO nanowires. Oxidising gases has the highest resistance over time and a oxygen deprived state has the lowest resistance. The results are also repeatable and only small differences exist between different sensors. Lastly the sensor was used to detect a mixture of gases and the response was a combination of the separate gases. ZnO nanowires can be used in gas sensing application but the recovery time has to be reduced in order to make it a viable sensor. 
